Abstract-Soft magnetic composites (SMC) is a magnetic material which offers the potential for innovative machine geometries and lower cost manufacturing. This paper examines the finite-element analysis and performance prediction of a segmented brushless permanent magnet machine based on SMC. Experimental results including the back-EMF waveform, iron loss and performance characteristics are used to validate the simulation results.
INTRODUCTION
A. Background Soft magnetic composites (SMC), also known as powdered iron, are emerging in electrical machine design specifically for small and medium size machines. SMC consists of fine iron powder coated with a small amount of a binder which also serves to insulate the particles from one another. SMC can be moulded to theoretically any shape using a similar process to injection moulding ofplastics. It is thus possible to use SMC to produce machine designs which require three-dimensional (3D) flux paths and geometries.
SMC offers a simplified manufacturing method and the potential for constructing complex 3D machine geometries at much lower cost. Furthermore, new machine design topologies with innovative shapes, reduced size and weight, and better winding utilisation are possible by using SMC's 3D flux capability [1] [2] .
Iron losses in magnetic materials consist of eddy-current losses and hysteresis losses. The insulation between the iron particles gives SMC a high electrical resistivity and hence low eddy-current loss. The moulding process however leaves high residual mechanical stress in the iron particles and hence produces high hysteresis loss. Although SMC has higher iron loss compared to conventional silicon-iron (SI) at low frequencies where the hysteresis loss is dominant, the iron loss of SMC becomes comparable to SI at higher frequencies where the eddy-current loss is dominant. This was experimentally demonstrated in [3] .
The insulation between the iron particles in SMC also gives it a relatively low magnetic permeability (GR < 1000) which makes it better suited to permanent magnet (PM) machines than reluctance or induction machines.
B. Literature Review
The traditional laminated motor construction is inherently limited to 2D magnetic structures with 2D flux paths to avoid excessive eddy-current losses caused by flux passing perpendicularly through laminations. A key benefit of SMC is its ability to produce machines with 3D magnetic geometries and 3D flux paths. In [7] . SMC has also been applied to radial flux machines. In [3] a radial flux machine with a laminated yoke and SMC teeth was described. This machine still has a largely 2D magnetic structure.
The 3D SMC flux capability was applied more effectively in [8, 11] which used a segmented tooth construction for a radial flux machine. In this design the axial ends ofeach tooth were rounded to allow easier winding and better thermal contact with the concentrated winding. Each stator tooth was wound before being assembled allowing high slot fill factors. The stator core and tooth tips were axially longer than the tooth body to reduce the stator back iron thickness and allow the use of longer magnets. In [11] the radial SMC machine was compared to a conventional laminated machine. The use of SMC was found to significantly increase the torque capability while substantially reducing the amount of copper used in the design. This paper investigates the finite-element analysis of the performance of an SMC-based radial flux PM concept demonstrator machine which uses a similar stator construction to that described in [8] . A detailed comparison between the measured and simulated results is provided.
II.
PROTOTYPE SMC PM MOTOR Fig. 1 shows the prototype three-phase, eight-pole SMC PM machine topology. The stator coil has been removed from the left-most stator tooth to show the tooth geometry. The axial length of the tooth body was designed to be shorter than that of the tooth tip and stator back-iron in order to improve the stator winding utilisation. The stator tooth design is similar to [8] with the main difference that the teeth were moulded in a single piece.
The twelve stator teeth were constructed by moulding SMC in a precision, custom-built die. This approach gives much better dimensional tolerances and surface finish than can be achieved by machining. The teeth were wound with a concentrated stator winding and assembled together in a specially designed housing. The stator coils in each phase were connected in series to form a star-connected winding.
The eight-pole rotor was constructed using arc-shaped magnets on a solid mild steel back-iron (see Fig. 1 ). The magnets were segmented in an axial direction into five sections and these were skewed in a step-wise fashion to reduce cogging torque. The total rotor skew was 560 electrical. Table 1 summarizes some of the key parameters and dimensions of the prototype machine. a b Fig. 1 a) The SMC based PM machine stator and rotor geometry showing the segmented teeth with concentrated windings and the rotor step skewing. b)
The prototype machine on the dynamometer.
The rotor position was obtained using three Hall-Effect sensors, which are excited by a separate PM disk attached to the end ofthe rotor. The test setup also included a dc machine, which was used to drive and load the PM machine during the parameter and performance measurements. A 2D finite-element model was used despite the rotor step-wise skewing and the shorter axial length of the stator tooth body, as a 3D FEA model would be quite complex. Fig.  2 shows the actual 3D SMC tooth face, tooth body and coil. It also shows the two 2D FEA models which were used to represent the 3D structure, both which use a stack length equal to the original tooth and yoke length. The "original" FEA model uses the same width for the tooth body but extends this to over the full length of the machine. However this over-estimates the tooth body cross-sectional area. The "modified" FEA model uses a narrower tooth body width to give it the same tooth body cross-sectional area as the actual machine. The simulation results are from a time-stepping, coupled-circuit 2D finite element simulation. Considering the 900 periodicity of the motor, quarter machine models were used to reduce the analysis computation time (see Fig. 3 ). The mesh of the models consists of 1,807 nodes and 2,774 elements. The BH-curves and iron loss characteristics available in the JMAG material database for the SMC material grade was used. The total execution time was approximately 8 minutes for 180 steps. The effect of the rotor stepwise skewing was compensated for in the back-emf, flux and cogging torque calculations by time-shifting the FEA results by the electrical skew angle and taking the average of five time-shifted results. This is only a first-order approximation to step-wise skewing as it neglects the effect of axial fluxes. MACHINE PARAMETER CHARACTERISTICS This section shows a comparison between the calculated and measured machine parameters. A similar experimental procedure to that described in [6] was performed.
A. Back EMF Waveforms Fig. 5 shows the measured phase back EMF waveform and the three simulated FEA waveforms. The simulated waveform from the original FEA model in Fig. 2 is labelled "JMAG Original". As it does not properly model the shorter tooth body axial length and hence saturation, it over-estimates the back-emf amplitude but has a reasonable correspondence with the waveform shape. The simulated waveform from the modified FEA model from Fig. 3 (labelled "JMAG"), shows a much better match with the measured result indicating that stator tooth saturation is significant in this machine. It is interesting to see that when the skewing compensation described earlier is introduced to the modified FEA model results "JMAG Skewed", the prediction of the waveform shape became considerably worse. The reason for this is still under investigation. 
B. Tooth and Yoke Flux Density Waveforms
Figs. 6 and 7 show the measured and simulated stator tooth and yoke flux density waveforms. The flux measurements were conducted using search coils. The flux waveform was obtained by numerically integrating the induced voltage and then scaled in terms of flux density.
As with the back-emf case, the original model substantially over predicts both the stator tooth and yoke flux densities. The modified model gives a much better prediction of the flux density amplitude and waveform shape. The skew compensation method appears to give a slightly worse prediction. C. Inductance Due to the surface PM machine topology, the machine shows little saliency between the d-and q-axes.
The inductance of the test motor at standstill was measured using a single-phase 50Hz sinusoidal AC excitation applied between two of the motor terminals and the third terminal. From the measured stator voltage and current and with knowledge of the stator resistance, the reactance and hence inductance was determined.
In order to simulate the inductance ofthe motor in FEA, the built in PM motor inductance tool was used. The inductance versus current characteristic was calculated using both the SMC magnetic characteristics and also with iron with a constant permeability of tR = 5,000. Fig. 8 shows the measured and simulated inductances for the machine with and without the rotor. With the rotor, the measured inductance is about 4OmH which matches the SMC FE results well. It should be noted that use of the modified FEA model in Fig. 2 has greater slot leakage than the real machine, however the real machine also has end-winding leakage which would not normally be modeled in a 2D FEA model. Given the 2D FEA results show a good correspondence with the measurements, these two effects are likely to be comparable.
When the rotor is removed the measured inductance increases to about 7OmH. The SMC FE results also show an increase inductance but not as much as was measured. This increase in inductance with the removal ofthe rotor is thought to be due to heavy stator tooth saturation by the magnet flux (see Fig. 6 ). Fig. 8 Phase Current Arms Fig. 8 . SMC machine inductance: with and without rotor for three cases: measured, calculated from FE using SMC characteristics and calculated from FE using ideal non-saturating iron (jR = 5000).
D. Iron Loss
In the FEA, the open-circuit iron loss was calculated using the magnetic field variation in each element in the model as the rotor rotates. The hysteresis and eddy-current iron loss are calculated separately based on the SMC iron loss characteristics available in JMAG, and then summed together to give the total iron loss. The available SMC iron loss data only covered the range from 50 to 400Hz and so the iron loss calculation was extrapolated for frequencies out of this range. Fig. 9 shows the measured and simulated total open-circuit iron loss versus speed characteristic. In addition, the simulated hysteresis and eddy current losses are also shown. The modified FE model was used for the calculations. The open-circuit iron loss was measured using the dc motor as a torque transducer and includes the windage and bearing losses in the SMC machine.
It can be seen that hysteresis losses are dominant in this SMC machine over the speed range considered, but that as the speed is increased further that eddy-current losses will become more important. The measured losses show a good correspondence with the simulated losses at lower speeds, but are significantly higher at higher speeds. This is likely to be due to the inclusion of friction and windage losses in the measurements which become more significant at higher speeds.
The iron loss density plot of the stator was given in Fig. 4  (right) . This gives a better view of where the iron losses are occurring in the stator. The plot shows that the majority ofthe stator iron losses are concentrated at the tooth body and tooth tips. Speed (rpm) Fig. 9 . Open-circuit iron loss as a function of speed. Measured (solid, thick) curve. Simulated with modified FE model hysteresis (dashed), eddy-current loss (dash-dot) and total loss (solid).
E. Cogging Torque The calculated cogging torque using the original model and the modified model with and without skew compensation is shown in Fig. 10 . They are respectively 5°O, 3°O and 12% of the rated torque of 17.5Nm. Due to hardware limitations these results were not validated experimentally. It is interesting that the calculated cogging torque amplitude for the original model is about half that for the modified model, and thus that saturation effects in the stator teeth result in a doubling of the peak cogging torque. It can be observed that the magnitude ofthe calculated skewed cogging torque is very much smaller compared to the unskewed result with an approximately 700O reduction. 
V. PERFORMANCE INVESTIGATION
The SMC machine was designed for an inverter with a 34OVdc link voltage, however during the testing only an inverter with a 48Vdc link voltage was available and thus the maximum speed which could be tested was limited. The inverter provided a six-step rectangular voltage output and used three Hall-effect position sensors.
In the FEA, the coupled-circuit model includes a voltage source, six-switch inverter and the star-connected motor windings. The switching instants were synchronised with the back-emf waveforms.
Figs. 11 and 12 show the measured and simulated phase T voltage and phase currents at 104 rpm and 6 Nm. As shown in the figures, the simulation results are in reasonable agreement with the measured waveforms. The discrepancies in the waveforms could be due to the error in the back-emf and inductance parameters. A. Load Performance and Efficiency Fig. 13 shows the measured and simulated speed versus output torque. These have the expected linear drop in speed with increasing torque. As can be seen from Fig. 13 , the simulated and measured curves are comparable.
Fig. 14 shows the measured and simulated efficiency ofthe motor under test corresponding to the operating points shown in Fig. 13 . The simulated efficiency (JMAG) was calculated based on the current and torque predictions of the circuit-coupled time-stepping FEA at each test speed. The copper loss was calculated using the measured winding resistance, and the iron loss was calculated from the calculated no-load iron loss at that speed (see Fig. 9 ). The JMAG results show a good correspondence with the measured results. The motor reached a maximum measured efficiency of 75°0 at a load torque of about 3 to 4 Nm and this decreased at higher loads. The drop in efficiency at higher loads is due to the increase ofthe copper loss. This is shown in Fig. 15 which shows a loss breakdown corresponding to the operating condition in Fig. 13 . The copper loss was determined from the measured load current and the iron loss was determined from the measured no-load losses.
B. Efficiency Prediction
The efficiency contour plot shown in Fig. 16 was calculated based on the measured motor resistance, back-emf and open-circuit iron loss characteristic. It was assumed that the inverter currents were sinusoidal and in phase with the back-emf. The copper loss dominates at low speed and high torque, while the iron loss dominates at high speed and low torque. Fig. 16 also shows the measured torque versus speed points corresponding to Fig. 13 . The calculated efficiencies corresponding to these points were shown in Fig. 14. Fig. 14 shows that the calculated efficiency curve matches the shape of the measured curve reasonably well but over predicts the efficiency by a couple percent at light loads and up to six percent at higher loads. This is likely to be due to the assumption of a sinusoidal phase current waveform.
From Fig. 16 
VI. CONCLUSIONS
This paper has examined the parameter and performance prediction of a soft magnetic composite (SMC) brushless PM machine using 2D finite-element analysis (FEA). Detailed comparisons were presented between measured and simulated results to examine the validity of the analysis approach. It was shown that 2D FEA can give reasonably accurate predictions of the back-emf magnitude, tooth and yoke flux waveforms, inductance and iron loss in this machine.
The test results showed the feasibility and potential of SMC for achieving reasonable efficiency in low-cost, high-volume machine applications.
In future work it is planned to design and construct a conventional laminated stator which has the same stator outside diameter and uses the same rotor as the SMC machine which will allow a detailed performance comparison.
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